It has been reported that an increase in urinary albumin excretion (UAE) within the normal range could be a risk factor for incident hypertension. However, it remains unclear how the subtle increases in UAE and renal function interact in the development of hypertension. We examined the modification of UAE as a risk factor for incident hypertension by glomerular filtration rate (GFR) in the Japanese population. We prospectively followed 1281 normotensive individuals from Watari town (34.3% men; mean age, 58.0 ± 12.3 years old) whose UAE was o30 mg g − 1 · Cr. Hypertension was diagnosed as a systolic blood pressure (BP) ⩾ 140 mm Hg and/or a diastolic BP ⩾ 90 mm Hg, or antihypertensive medication use. The relationship between sex-specific quartiles of UAE and incident hypertension was examined with Cox proportional hazard analysis. During a mean follow-up of 3.7 years, 315 individuals developed hypertension. Multivariate Cox proportional hazard analysis revealed that a subtle increase in UAE was a risk factor for incident hypertension, but there was a significant interaction between UAE and estimated GFR (eGFR) (P = 0.018). The risk of incident hypertension dose dependently increased in the highest eGFR quartile (⩾90 ml min − 1 per 1.73 m 2 ). Decline in renal function alone increased the risk of incident hypertension but the increased risk with a subtle increase in UAE became smaller and less clear in the lower eGFR quartiles. The present data suggest that UAE as a risk factor for incident hypertension is largely dependent on eGFR levels. Hypertension Research (2017) 40, 994-998; doi:10.1038/hr.2017.77; published online 21 September 2017
INTRODUCTION
High blood pressure (BP) is the most significant risk factor for cardiovascular and cerebrovascular diseases in the world. 1 The prevention of high BP is becoming increasingly important to reduce medical costs in many countries. The kidney has a central role in the regulation of long-term BP homeostasis 2 and this is accomplished via volume control through renal manipulation of sodium excretion. In other words, impairment of sodium excretion could lead to long-term BP elevation.
Urinary albumin excretion (UAE) is a well-known marker of renal endothelial damage. A series of human studies showed that not only microalbuminuria, but also significantly lower levels of UAE are associated with increased risk of incident hypertension or increased BP in the normotensive population, [3] [4] [5] [6] [7] [8] although there is one exception. 9 These data strongly suggest that glomerular endothelial damage precedes the onset of hypertension, although the etiology of the subtle UAE remains unclear. On the one hand, the reduction in glomerular filtration surface area, which could be reflected by a mildly reduced glomerular filtration rate (GFR), may be a risk factor for the development of hypertension as a result of a limited ability to excrete sodium. This hypothesis is supported by human autopsy evidence indicating that young hypertensive individuals have a reduced number of nephrons compared with age-matched normotensive controls. 10 It could be hypothesized that mild renal endothelial damage and renal function would interact in the course of hypertension development. Only the Prevention of Renal and Vascular End-stage Disease (PREVEND) study reported a significant interaction between UAE and GFR. 4 The etiology of essential hypertension is markedly different between Caucasians and East Asians in terms of genetics and lifestyle. In this regard, the interaction between UAE and GFR may be different between them, because salt intake and its sensitivity is higher in the East Asian population. 11 The Watari study is a prospective cohort study that began in 2009 to examine the prognostic significance of albuminuria for the prediction of cardiovascular events. [12] [13] [14] The aim of this study was to use this population to examine whether or not a subtle increase in UAE within the normal range could be a risk factor for incident hypertension and if so, to determine how the risk is modified according to estimated GFR (eGFR).
METHODS

Study design and population
The Watari study is a prospective cohort study of the Japanese general population that was conducted in the town of Watari, Miyagi Prefecture, Japan. The study was started in 2009 in association with annual specific health check-up initiated by the government in 2008. The aim of this study was to examine the ability of albuminuria to predict cardiovascular events in the Japanese population. A detailed description of the study has been published elsewhere. [12] [13] [14] The study protocol was approved by the ethics committee of Tohoku Rosai Hospital. Our study conformed to the Declaration of Helsinki and written informed consent was obtained from all participants. Participants included individuals from Watari (age, 30-79 years, 42.6% male), who received an annual medical check-up in 2009 (n = 3628).
Measurements
Information regarding past and current medical history and lifestyle factors (that is, smoking status, regular exercise and the amount of alcohol intake per drinking day) were examined using a standardized questionnaire specified for the health check-up. 15 People who answered 'yes' to the question 'Are you a current regular smoker?' were categorized as 'current smokers' and people who answered 'yes' to the question 'Have you been exercising at least 2 days per week, at least 30 min each at an intensity that causes a slight sweat, for at least 1 year?' were categorized as doing 'regular exercise.' Being a 'heavy drinker' was defined as an individual who drinks ⩾ 2 gou (gou = Japanese sake unit; 1 gou contains~23 g of ethanol) per day for men and ⩾ 1 gou per day for women. 15 Height, body weight and waist circumference were measured by trained nurses. Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared. After 5 min of sitting, BP was measured using a semiautomatic cuffoscillometric sphygmomanometer (BX-10; Omron Colin, Kyoto, Japan). BP was measured two times if the first measurement was ⩾ 140 mm Hg for systolic or ⩾ 90 mm Hg for diastolic and the mean values were taken as representative BP values. If first measurements were ⩽ 140/90 mm Hg, the single measurement values were taken as representative BP values. Blood samples were collected after an overnight fast and then analysed for low-density lipoprotein and high-density lipoprotein, cholesterol, triglycerides, HbA1c National Glycohemoglobin Standardization Program (NGSP), uric acid, and creatinine levels. HbA1c level was determined using high-performance liquid chromatography (HLC723G7; Tosoh, Yamaguchi, Japan) and the levels of the remaining biochemical markers were determined using a standard automatic analyser (7700DD; Hitachi, Tokyo, Japan). 12-14 eGFR was calculated using the formula provided by the Japanese Society of Nephrology: eGFR (ml min − 1 per 1.73 m 2 ) = 194 × creatinine − 1.094 × age − 0.287 (×0.739 if female). 13 Morning spot urine samples were also collected for the measurement of UAE. [12] [13] [14] Urinary albumin and creatinine concentrations were determined using the turbidimetric method (Au600; Olympus, Tokyo, Japan) and enzymatic method, respectively. UAE was expressed as the urine albumin-to-creatinine ratio. BPs were measured annually by the same protocol during the next 5 years on the occasion of governmental specific health check up.
Statistical analysis
Of 3628 participants, 2437 were excluded from the analysis because of the following reasons: prevalent hypertension (systolic BP ⩾ 140 mm Hg, diastolic BP ⩾ 90 mm Hg or the use of antihypertensive medications; n = 1791), history of cardiovascular or cerebrovascular events (n = 39), diabetes mellitus (HbA1c ⩾ 6.5% or use of insulin or antidiabetic agents; n = 93), UAE 30 mg g − 1 · Cr or higher (n = 56), missing data (n = 167), or no visit in 2010 or later (n = 201). The remaining 1281 were included for analysis (Figure 1 ). The follow-up rate for the next 5 years was 89.2%, 74.5%, 71.3%, 67.8% and 66.2%, respectively. We examined the relationship between UAE and incident hypertension on follow-up. Hypertension was defined as systolic BP ⩾ 140 mm Hg, diastolic BP ⩾ 90 mm Hg or the initiation of antihypertensive medications. Participants were censored after being diagnosed as hypertension. Data are presented as mean ± s.d., median (interquartile range) or percentage. Group comparisons were performed using the t-test, analysis of variance or a χ 2 -test. We used the Cox proportional hazards model to examine the correlation between UAE and incident hypertension. UAE was treated as a categorical variable. In the categorical analyses, we used sexspecific quartiles of UAE within the normal range, considering sex-related differences in urine creatinine excretion. 3 Models were adjusted for the following covariates, which are usually viewed as related to the incidence of hypertension: age, sex, BMI, systolic and diastolic BPs, triglyceride, low-density lipoprotein, HbA1c, uric acid, eGFR, smoking, exercise habits and heavy drinking. The final multivariate model was tested for the interaction between UAE and eGFR. Similar analysis was done also by logistic regression analysis.
For subsequent analyses, we examined the incidence of hypertension by quartiles of UAE and eGFR (⩾90, 77-89, 72-76 and o72 ml min − 1 per 1.73 m 2 ). All statistical analyses were performed using IBM SPSS statistics 20 for Windows (IBM Corp., Armonk, NY, USA). A P-valueo0.05 was considered to be statistically significant. Table 1 shows the baseline characteristics by UAE quartiles. Quartile ranges for UAE in men were 1.2 to 4.6, 4.7 to 5.9, 6.0 to 8.3 and 8.4 to 29.9 mg g − 1 · Cr, respectively, and those in women were 1.2 to 5.6, 5.7 to 7.7, 7.8 to 10.3 and 10.4 to 29.4 mg g − 1 · Cr, respectively. Age, systolic and diastolic BPs, triglyceride level and low-density lipoprotein level dose dependently increased with an increase in the UAE quartiles, whereas sex, high-density lipoprotein and uric acid concentration did not differ significantly among the four groups. Waist circumference was significantly increased with an increase in UAE quartiles although changes in BMI did not reach a statistically significant level. Distribution of eGFR categories significantly differed among four UAE quartiles, that is, high prevalence of eGFR Quartile 1 and low prevalence of eGFR Quartile 4 in the highest UAE quartile and vice versa in the lowest UAE quartile.
RESULTS
During a mean follow-up period of 3.7 years, 315 participants (24.6%) developed hypertension. Compared with persistently normotensive subjects, participants who developed hypertension were older, more likely to be male and had higher BMI, and systolic and diastolic BPs. Moreover, both lipid and glucose profiles were worse in participants with incident hypertension. UAE was slightly higher and eGFR was slightly lower in participants with incident hypertension than in those with persistent normotension (Supplementary Table 1 ). The incidence of hypertension increased with an increase in UAE quartiles (14.7%, 24.7%, 26.0% and 32.7%, respectively, Po0.001). Table 2 shows the results of the Cox regression analysis. In the unadjusted model, the hazard ratios for incident hypertension of the second, third and fourth UAE quartiles in comparison with the first quartile were 1.73 (95% confidence interval: 1.20-2.48), 1.77 (1.24-2.54) and 2.35 (1.66-3.33), respectively. After adjustment for known covariates (model 2) or lifestyle factors (model 3), the dose-dependent associations were slightly altered as indicated by the loss of significance of the third quartile group relationships. Those of the second and fourth quartiles remained significant. The associations, however, were Albuminuria, renal function and hypertension risk M Munakata et al completely negated when the interaction of UAE and eGFR was added (model 4). The interaction of them was significant (P = 0.018). The relationship between UAE quartiles and incident hypertension was examined also by means of logistic regression analysis using same covariates (Supplementary Table 2 ). The results were essentially similar to those of Cox regression analysis.
To explore the interaction between UAE and eGFR in the prediction of hypertension, we examined the incidence of hypertension in UAE quartiles according to baseline eGFR (Figure 2 
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Albuminuria, renal function and hypertension risk M Munakata et al respectively. The incidence of hypertension was lowest in the first quartile of UAE in the highest GFR group. The incidence of hypertension linearly increased with an increase in baseline UAE in the highest eGFR group (3.0%, 14.3%, 26.1% and 34.6%, respectively, Po0.001). In the first and second UAE quartiles, the lower the eGFR, the higher the incidence of hypertension (3.0%, 11.7%, 18.2% and 23.7%, Po0.001 and 14.3%, 22.2%, 31.2% and 32.5%, Po0.002, respectively). A dose-dependent increase in the incidence of hypertension according to UAE categories was absent in the second and forth eGFR quartiles, although the incidence tended to increase with an increase in baseline UAE in the third eGFR quartile (18.2%, 31.2%, 27.9% and 41.0%, respectively, P = 0.01).
DISCUSSION
We found the following in the Japanese normotensive general population: (1) subtle increase in UAE was a risk factor for incident hypertension and (2) there was significant interaction between UAE and renal function in the prediction of incident hypertension. The incidence of hypertension dose-dependently increased with an increase in UAE in the highest eGFR quartile over 90 ml min − 1 per 1.73 m 2 . Such a dose-dependent additive effect became smaller and less clear in the lower eGFR categories. The incidence of hypertension increased with a reduction in eGFR even in the first quartiles of UAE, while the additive effects of UAE became smaller with a reduction in eGFR. In other words, mild renal dysfunction seemed to dominate a subtle increase in UAE in the prediction of incident hypertension.
How can we understand the mechanisms of subtle increases in UAE and renal dysfunction seen in the normotensive general population without overt kidney diseases? What is the reasonable explanation of the interaction between the two variables? An animal model of hypertension showed that one of the earliest findings is an impairment of renal sodium excretion at normal perfusion pressure. 2 It has been shown in DOCA-SALT hypertension rats, a typical model of volume-dependent hypertension, that continuous elevation in glomerular capillary flow and pressure predispose to glomerular injury and hypertension. 16 As characteristic features of Japanese hypertension are salt sensitivity and increased salt intake, 11 this hyperfiltration mechanism may explain, in part, the initial cause of UAE. Waist circumference as well as BPs, triglyceride and HbA1c were increased with an increase in UAE, despite no significant changes in BMI. This strongly suggests that insulin resistance due to central obesity would be most prevalent in the highest UAE quartile. It is well known that hyperinsulinemia is likely to be associated with hyperfiltration. 17, 18 Thus, subtle UAE may be attributable to hyperfiltration due to insulin resistance especially in the 4th quartile of UAE. This hypothesis is further supported by the fact that highest eGFR individuals were most commonly observed in the 4th quartile of UAE. Moreover, unrecognized diabetes might have contributed to subtle UAE and hyperfiltration in the fourth quartile of UAE. In this study, we excluded subjects with HbA1c of 6.5% or over.
However, this criterion is not enough to completely exclude diabetic subjects and therefore we cannot exclude the possibility that considerable number of diabetic subjects were included in the fourth quartile of UAE.
In a spontaneously hypertensive rat model, the degree of renal arteriolar narrowing predicted the extent of future hypertension. 19 It has also been shown in human that retinal arteriolar narrowing is associated with decline in renal microcirculatory function as captured by eGFR. 20 Moreover, autopsy studies demonstrated that nephron number was significantly reduced in accident victims with essential hypertension than in matched control individuals. 10 Reduced nephron number should be associated with decreased filtration capacity and a requirement for higher BP to excrete sodium. 21 This, on the one hand, could elevate GFRs in the remaining nephrons followed by a chain reaction of increased glomerular pressure and albuminuria. 22 Taken together, it is plausible that combinations of various degrees of decline in renal filtration capacity, whether congenital or acquired, and endothelial damage could cooperatively initiate high BP.
There have been seven reports examining if the normal range UAE could be a risk for future hypertension in the general population. [3] [4] [5] [6] [7] [8] [9] Among them, only two reported the interaction between UAE and renal function. 4, 9 It has been demonstrated that an increase in UAE synergistically increased the risk of incident hypertension with a lower eGFR in the PREVEND study, 4 while in the Multi-Ethnic Study of Atherosclerosis, there was no interaction between them. 9 In MultiEthnic Study of Atherosclerosis, renal function examined by cystatin C was an independent predictor for incident hypertension while normal range UAE was not. Thus, the results of our study are new as compared to these two reports.
The reasons for the difference between our analysis and these previous reports are unclear, but there are several potential explanations. The mean age of our population was 58 years, which is equal to the Multi-Ethnic Study of Atherosclerosis population (58 years) but much higher than that of the PREVEND study (45 years). The mean BMI of this Japanese population is 22.5 kg m − 2 , which is much lower than those of PREVEND or Multi-Ethnic Study of Atherosclerosis. Moreover, diabetes was not excluded from the baseline population in those two studies, in contrast to ours. In the PREVEND study, synergic effects were especially prominent in the microalbuminuria group, which was excluded in our study. These differences in population characteristics could explain the different outcomes.
Our research has an important clinical implication. The prevention of hypertension is an important social issue globally, but the etiology of the development of hypertension largely depends on genetics and environmental factors, even among similar ethnic groups. 23 To effectively prevent hypertension, we need a proper tool to identify individuals who are at high risk for incident hypertension. Our data showed that assessment of UAE in combination with eGFR, but not UAE alone, can accurately stratify the risk of incident hypertension in the normotensive, non-diabetic Japanese population.
Two similar studies have been performed in East Asian populations, the first in Korea 7 and the other in Japan. 8 The former included only a Albuminuria, renal function and hypertension risk M Munakata et al select male population who participated in medical check-ups at the university hospital, but the study did not examine the role of the GFR. The latter study included only 412 participants and did not clearly disclose the precise relationship between a subtle increase in UAE and eGFR. We therefore demonstrated for the first time in the Asian general population that a subtle increase in UAE within the normal range could be a risk factor for incident hypertension, dependent upon changes in the GFR. There are several limitations to this study. First, UAE was examined only once using spot urine samples. We have recently shown, however, that UAE measured in this manner successfully predicted cardiovascular events in this population, 14 suggesting this is a reliable method. In a previous study, UAE measured through a spot urine sample correlated with measurements from 24 h collections and national guidelines recommend its use in daily clinical practice. [24] [25] [26] Second, we used plasma creatinine to calculate GFR, which might reduce the accuracy for detection of early kidney dysfunction compared with cystatin C. 27, 28 In other words, use of cystatin C may more precisely examine the interaction between renal function and UAE in the prediction of incident hypertension. Third, we did not examine the information on salt intake, which must be potentially important as a pathogenic factor in Japanese hypertension. Finally, we did not study the relationship with longitudinal changes in BP and those in UAE or GFR. Such analysis may disclose complex relationship between BP progression and renal physiology and clarify more the role of kidney for incident hypertension. Some of the limitations of this study will be considered in the future.
In conclusion, we showed that a subtle increase in UAE within the normal range could be a risk factor for incident hypertension. The risk of incident hypertension dose-dependently increased in the highest eGFR group. Decline in renal function alone increased the risk of incident hypertension, but the additional risk with a subtle increase in UAE became smaller and less clear in the lower eGFR categories. Therefore, UAE as a risk factor for incident hypertension was largely dependent on eGFR levels. Our data suggest that the hypertension is initiated by the combination of various degree of decline in renal filtration capacity and endothelial damage in the Japanese general population. 
